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Electrical characterization of 1.8 MeV proton-bombarded ZnO
F. D. Auret,a) S. A. Goodman, M. Hayes, M. J. Legodi, and H. A. van Laarhoven
Physics Department, University of Pretoria, Pretoria 0002, South Africa
D. C. Lookb)
Semiconductor Research Center, Wright State University, Dayton, Ohio, 45435
~Received 8 May 2001; accepted for publication 20 August 2001!
We report on the electrical characterization of single-crystal ZnO and Au Schottky contacts formed
thereon before and after bombarding them with 1.8 MeV protons. From capacitance–voltage
measurements, we found that ZnO is remarkably resistant to high-energy proton bombardment and
that each incident proton removes about two orders of magnitude less carriers than in GaN. Deep
level transient spectroscopy indicates a similar effect: the two electron traps detected are introduced
in extremely low rates. One possible interpretation of these results is that the primary
radiation-induced defects in ZnO may be unstable at room temperature and anneal out without
leaving harmful defects that are responsible for carrier compensation. ©2001 American Institute
of Physics. @DOI: 10.1063/1.1415050#
ZnO is presently used in many diverse products, includ-
ing facial powders, phosphors, paints, piezoelectric transduc-
ers, varistors, and transparent conducting films, the latter be-
ing important for the photovoltaic industry. However, from a
recent review, where the properties of ZnO are summarized,1
it is clear that ZnO can be used for several other, more so-
phisticated, electro-optical applications. Based on the fact
that ZnO has an experimental direct band gap of 3.4 eV, it
can play an important role in realizing blue and ultraviolet
~UV! light-emitting devices, such as light-emitting diodes
and lasers, as well as daylight-blind UV detectors, as is the
case for GaN with a similar band gap. Furthermore, the large
band gap of ZnO renders it suitable for the fabrication of
solar cells, catalysts, and as a substrate or buffer layer for the
group III-nitride based devices. For space applications, these
devices often have to operate at elevated temperatures, typi-
cally above 200 °C, in harsh radiation conditions comprising
energetic particles. Further practical advantages of ZnO in-
clude bulk-growth capability, amenability to conventional
wet chemistry etching, which is compatible with Si
technology2 ~unlike the case for GaN!, and convenient cleav-
age planes.
An important consideration for space applications is that
the material should be as radiation hard as possible in order
for it to reliably operate for extended periods. Presently, the
main wide band gap materials for space applications are con-
sidered to be the III–V nitrides, SiC, and diamond. Whereas
the effect of high-energy electron irradiation has been re-
ported for ZnO,3 GaN,4,5 and SiC,6 no data are yet available
regarding the exposure of ZnO to heavier particles such as
protons and He-ions, as was reported for GaN.7,8 In particu-
lar, to our knowledge, data pertaining to radiation- and
implantation-induced deep level defects in ZnO are not yet
available. In a report on the effect of high-energy electrons
on ZnO, Looket al.3 concluded, from variable temperature
Hall measurements, that the effect of these electrons on ZnO
is significantly lower than that on GaN, GaAs, and Si.
In this letter, we report on the electrical characterization
of high-energy proton bombarded single-crystal ZnO, fabri-
cated with Au Schottky contacts. The most significant obser-
vation was that ZnO is extremely radiation hard against high-
energy protons; i.e., the free carrier removal rate by 1.8 MeV
protons in ZnO is about 100 times less than that in GaN. In
addition, deep level transient spectroscopy~DLTS! reveals
that proton implantation introduces two electron trap defects,
but at extraordinary low rates compared to those of radiation
induced defects in GaN.
The ZnO used for this study wasn-type material grown
by a vapor-phase technique, making use of a nearly horizon-
tal tube.9 Following the cleaning procedure described
before,10 circular Au contacts, 0.7 mm in diameter and 200
nm thick, were resistively deposited onto the (00021) O
face of the ZnO crystal through a mechanical mask. There-
after, InGa ohmic contacts were applied to the opposite side
~Zn face! of the sample. The Au/ZnO Schottky barrier diode
~SBD! structures were characterized by standard room tem-
perature~297 K! current–voltage (I –V) and capacitance-
voltage (C–V) measurements, and the defects in the ZnO by
DLTS using a lock-in amplifier based system in the tempera-
ture range 25–330 K.I –V measurements showed that the
SBD had an ideality factorn51.19 ~calculated by assuming
that charge is predominantly transferred by thermionic emis-
sion! and a dark current of 1029 A at a 1 V reverse bias.
From C–V measurements, the free carrier density,ND
2NA , was found to vary, from sample to sample, between
(4.6– 5.6)31016cm23 in the first 0.2mm below the SBD,
i.e., the region being probed by DLTS.
After this characterization, the SBDs were bombarded at
room temperature with 1.8 MeV protons in a Van de Graaff
accelerator along the@00021# direction as well as 7° off this
direction. During bombardment, the dose rate was 1.4
31011 protons cm22 s21 and the dose was incremented in
steps of 1.431014cm22 up to a dose of 7.031014cm22. Dur-
ing irradiation, the temperature did not rise by more than a
a!Electronic mail: faurel@postino.up.ac.za
b!Also at: Materials and Manufacturing Directorate, Air Force Research
Laboratory, Ohio, 45433.
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few °C. TRIM calculations indicated that the range of 1.8
MeV protons is about 19.5mm and therefore only intrinsic
defects, but no hydrogen, are introduced in the region probed
by DLTS. After each irradiation step, the SBDs and the ZnO
were characterized byI –V, C–V, and DLTS. The diodes
used for I –V and C–V measurements were not used for
DLTS to ensure that their quality did not degrade due to the
DLTS cooling and heating cycles.
I –V measurements showed that proton bombardment
degrades the diode quality. For example, the reverse current
at a bias of 1 V, (I R), increased from 1310
29 A for an
unirradiated diode to 131026 A after bombarding it with a
dose of 4.231014cm22. Both the forward and reverseI –V
characteristics appeared to have a generation–recombination
nature after bombardment. This indicates that proton irradia-
tion introduces deep defect levels in the band gap of ZnO.
The most surprising results obtained here were from
C–V measurements. In Fig. 1, we depict the free carrier
concentration,ND2NA , as function of proton dose. From
the data in Fig. 1, we see that a dose,D, of 7.031014cm22
reducesND2NA by 2.49310
16cm23. From this data, the
free carrier removal rate:
z5
D~ND2NA!
D
, ~1!
was calculated as 3563.6 cm21 for irradiation along the
@00021# direction. For bombardment 7° off the@00021#
direction, the value ofz increased to 4564.5 cm21. The
value ofz calculated here is about 100 times lower than that
of GaN bombarded by 1.0 MeV protons. At this point, it
should be noted that Looket al. also observed a very small
change in the free carrier density of ZnO after high-energy
electron irradiation.3 Possible reasons for this low carrier re-
moval rate will be discussed after presenting the DLTS re-
sults.
DLTS in the temperature range 20–330 K revealed the
presence of at least three levels in the as-grown~unirradi-
ated! ZnO @curve ~a! in Fig. 2#, of which the properties and
possible origin have been reported10 and are also summa-
rized in Table I. The most prominent of these defects,E1 is
located atET5EC20.12 eV, while the second prominent de-
fect has an energy level atET5EC20.27 eV. Curve~b! in
Fig. 2 shows that proton implantation introduces at least two
electron traps with peaks in the temperature region scanned
by DLTS. The first of these defects,Ep1, has an energy
level,ET , and apparent capture cross section,sa of 0.54 eV
and 3310213cm2, respectively. This DLTS signature of
Ep1 is similar, within the experimental error, to that of the
E4 defect~with unknown origin! detected in low concentra-
tions in unirradiated ZnO. The second defect introduced by
proton irradiation,Ep2, was not detected in the unirradiated
ZnO and has a signature ofET50.78 eV and sa51.5
310212cm2. It is further instructive to note thatEp2 is lo-
cated deep enough below the conduction band to contribute
to generation currents duringI –V measurements.
DLTS depth profiling was employed to measure the con-
centration profiles of the proton irradiation induced defects
after each irradiation. The defect concentrations at 0.2mm
below the junction are plotted in the inset of Fig. 2 as func-
tion of proton dose. From these data the defect introduction
rates,h, for each defect were calculated from
h5
DNT
D
, ~2!
whereDNT is the increase in defect concentration for a dose
D. The values ofh for Ep1 andEp2 thus calculated are 2.4
and 1.9 cm21, respectively. These introduction rates are
more than one order of magnitude lower than those for de-
fects detected in any other semiconductor implanted with
protons at room temperature. For example, in GaN with a
FIG. 1. Free carrier density,ND2NA , ~at 0.2 mm below the interface!
determined fromC–V measurements as function of 1.8 MeV proton dose in
ZnO ~solid lines! and GaN~dotted line!.
TABLE I. Electronic properties of prominent defects detected by DLTS in as-grown and 1.8 MeV proton-
bombarded single crystaln-type ZnO.
Defect
label
ET
~eV!
sa
~cm2!
NT
~cm23!
Tpeak
a
~K!
Similar defects
and references
E1 0.1260.02 2.761.0310213 '1016 70c
E3 0.2960.01 5.861.0310216 1014 184 L3?12
E4 0.5760.02 2.060.5310212 1013– 1014 249
h ~cm21!
Ep1 0.5460.02 3.061.0310213 2.460.5 251 E410
Ep2 0.7860.02 1.560.5310212 1.960.4 304b
aPeak temperature at a lock-in amplifier frequency of 46 Hz~emission rate of 109 s21!.
bPeak temperature at a lock-in amplifier frequency of 2.2 Hz~emission rate of 5.2 s21!.
cPeak temperature at a lock-in amplifier frequency of 2200 Hz~emission rate of 5200 s21).
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similar band gap, the major radiation induced defect, with an
energy level atET5EC20.20 eV, is introduced at a rate of
about 30 cm21 by MeV protons.
The main question that arises from results presented here
is why the defect introduction rate, and together with that,
the free carrier removal rate, is so much lower in ZnO than in
other semiconductors, some of which have similar crystal
structures and atomic densities~for example GaN!. There are
at least two possibilities that have to be explored. Firstly, the
primary defects introduced in ZnO during proton bombard-
ment may be mobile at room temperature~where the irradia-
tion was performed! and, therefore, they may anneal out. In
this case, these defects and their effect on the free carrier
density, will therefore not be detected by DLTS orC–V
measurements. The defects,Ep1 andEp2, that we observed
may therefore be second generation defects of which the in-
troduction rates are much lower than those of the primary
radiation induced defects. A similar situation prevails in Si
where vacancies and interstitials anneal out at low tempera-
tures and the second generation defects~divacancies and
vacancy-impurity complexes! detected after room tempera-
ture irradiation are observed at lower introduction rates.11
This possibility will have to be investigated by irradiating
ZnO at low temperatures and measuring the value ofND
2NA , as well as the DLTS spectrum, as function of increas-
ing temperature.
The second possibility is that the defects detected here,
Ep1 andEp2, are not the main radiation induced defects in
ZnO. The main radiation induced defects may be pairs of
shallow donors~too shallow to be detected by DLTS! and
deep acceptors~too deep to be detected by DLTS!, that are
introduced in roughly equal concentrations. Since the num-
ber of shallow donors introduced by radiation will balance
the number of radiation induced acceptors, we will not ob-
serve any drastic change in the free carrier concentration and
neither will we detect any major DLTS peaks in the temp-
erature domain investigated. This possibility will have
to be verified by performing admittance spectroscopy
measurements12 to facilitate the detection of defect levels too
deep to be detected by DLTS, and Hall and photolumines-
cence measurements to detect the shallow donors~t o shal-
low to be detected by DLTS!. At this point, it should be
noted that Looket al. have reported an increase in concen-
tration of one of the shallow donors in ZnO after electron
irradiation.3
In summary, by usingC–V and DLTS measurements,
we have demonstrated that ZnO is extremely resistant to
room temperature MeV proton irradiation when compared to
other semiconductors, including GaN. The consequence of
this is extremely important: ZnO can be used for space ap-
plications ~where it will be exposed to inherently harsh ra-
diation conditions! for much longer periods of time than any
other semiconductor with similar electro-optical properties
before becoming useless due to radiation damage. One pos-
sible explanation for the extreme radiation hardness of ZnO
is that the primary radiation induced defects in it may be
unstable at room temperature and that they anneal out before
forming harmful compensating centers.
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FIG. 2. DLTS ~spectra of control Au/ZnO SBDs! @curve ~a!# and similar
SBDs that were bombarded with 1.8 MeV proton to a dose of 4.2
31014 cm22 @curve~b!#. All spectra were recorded using a quiescent reverse
bias 2 V, a filling pulse amplitude of 2.2 V, a lock-in amplifier frequency of
46 Hz~i.e., a decay time constant of 9.23 ms! and a filling pulse width of 0.2
ms. The inset depicts the defect concentrations of Ep1 and Ep1~at 0.2mm
below the interface! as function of 1.8 MeV proton dose.
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